The species Shigellajiexneri comprises a serologically heterogeneous group of dysentery bacilli whose 0 antigens are polysaccharide-lipid Apolypeptide-lipid B complexes strictly comparable in their gross structural and biological properties to the analogous antigens present in all gram-negative bacilli of the family Enterobacteriaceae (Simmons, 1971a) . As shown in fig. 1 , the lipopolysaccharide (LPS) component of these antigens comprises two distinct regions-a common basal structure shared by all S . JIexneri serotypes (except serotype 6) and 0-specific side-chains that determine the serological specificity and cross-reactivity of the whole antigen (Simmons, 1966) . The common basal sugars 2-keto-3-deoxy-octonate, L-glycero-D-manno-heptose phosphate, D-glucose, D-galactose and Nacetyl-D-glucosamine are incorporated into the growing basal structure in that order and defects in the genes controlling this biosynthetic pathway result in an incomplete basal structure of rough (R) specificity (Johnston et al., 1967) . The 0-specific side-chains (each consisting of six to eight repeating pentasaccharide units) may be further subdivided into two regions-a primary unbranched chain of L-rhamnose and N-acetyl-D-glucosamine identical to the variant Y antigen, and secondary side-chains of a-D-glucosyl and 0-acetyl residues which are substituted on the primary chain in a position that is unique for each serotype (Simmons, 1969) . The specificity of the linkage of the glucose secondary side-chain is governed by specific UDP-glucose transferases that are phage-dependent and map near the lac locus (Manson et al., 1970) . Loss of the phage attachment site in recombination experiments with Escherichia coli HfrC (lac+) strains usually leads to loss of the glucose secondary sidechains and, thus, to the production of lactosefermenting hybrids of variant Y-type specificity (Manson et al., 1970) . However, hybrids with other specificities have also been described (Romanowska and Lachowicz, 1970 ; Katzenellenbogen et al., 1973; Lugowski et al., 1975) .
The species Shigellajiexneri comprises a serologically heterogeneous group of dysentery bacilli whose 0 antigens are polysaccharide-lipid Apolypeptide-lipid B complexes strictly comparable in their gross structural and biological properties to the analogous antigens present in all gram-negative bacilli of the family Enterobacteriaceae (Simmons, 1971a) . As shown in fig. 1 , the lipopolysaccharide (LPS) component of these antigens comprises two distinct regions-a common basal structure shared by all S . JIexneri serotypes (except serotype 6) and 0-specific side-chains that determine the serological specificity and cross-reactivity of the whole antigen (Simmons, 1966) . The common basal sugars 2-keto-3-deoxy-octonate, L-glycero-D-manno-heptose phosphate, D-glucose, D-galactose and Nacetyl-D-glucosamine are incorporated into the growing basal structure in that order and defects in the genes controlling this biosynthetic pathway result in an incomplete basal structure of rough (R) specificity (Johnston et al., 1967) . The 0-specific side-chains (each consisting of six to eight repeating pentasaccharide units) may be further subdivided into two regions-a primary unbranched chain of L-rhamnose and N-acetyl-D-glucosamine identical to the variant Y antigen, and secondary side-chains of a-D-glucosyl and 0-acetyl residues which are substituted on the primary chain in a position that is unique for each serotype (Simmons, 1969) . The specificity of the linkage of the glucose secondary side-chain is governed by specific UDP-glucose transferases that are phage-dependent and map near the lac locus (Manson et al., 1970) . Loss of the phage attachment site in recombination experiments with Escherichia coli HfrC (lac+) strains usually leads to loss of the glucose secondary sidechains and, thus, to the production of lactosefermenting hybrids of variant Y-type specificity (Manson et al., 1970) . However, hybrids with other specificities have also been described (Romanowska and Lachowicz, 1970 ; Katzenellenbogen et al., 1973; Lugowski et al., 1975) .
In an earlier review (Simmons, 197 la) , structural and genetic aspects of the biosynthesis of the S. JIexneri 0 antigens were considered in detail. The conclusions drawn at that time about the structural changes involved in smooth to rough (S-+R) mutation, in the production of X and Y variants, and in the modification of type-specificity by lysogenic conversion remain valid today. However, some of the structures themselves require to be revised, largely as a result of methylation studies performed during the past decade by Lindberg and his colleagues (Lindberg et al., 1973; Kenne et al., 1977a and b ; Kenne et al., 1978) . This review summarises the evidence for these currently accepted structures and indicates how these studies have elucidated the biology of the S. J-lexneri 0 antigens.
Structure of the basal region of S.J-lexneri lipopolysaccharides
The biosynthesis of the S. jiexneri LPS basal region proceeds from the 2-keto-3-deoxy-octonatelipid A core of chemotype Re by the sequential addition of L-glycero-D-manno-heptose phosphate, D-glucose, D-galactose and N-acetyl-D-glucosamine to give chemotypes Rd, Rc, Rb and Ra respectively (Johnston et al., 1967) . (A chemotype is a family of antigens with the same qualitative sugar composition.) The structures of all these antigens have been elucidated but most interest has centred upon the S. JIexneri serotype 4b-R LPS because it is a chemotype Ra polymer identical with the complete basal structure. Early studies of this LPS have shown that it contains glucose, galactose and Nacetylglucosamine in the proportions 3 : 1 : 1 (Johnston et al., 1967) . Methylation analysis of the native polysaccharide and structural studies following Ndeacetylation-deamination and Smith degradation of this polymer (Jansson et al., 1979) , implied that the basal pentasaccharide side-chain has the following structure* :
a-~-GlcNAc These findings were confirmed by methylation analysis and by structural analysis of a series of oligosaccharides obtained from this polymer by partial acid hydrolysis (Simmons, 1983a) . This pentasaccharide structure requires some revision of that originally proposed by Johnston et al. (1967) and is of special interest in that it is identical with the E. coli R3 basal structure (Jansson et al., 1979, 198 1) . The structural relationship of this basal sequence to the rest of the S.Jexneri LPS molecule is shown in fig. 2 .
Structure of 0-specijic region of S.Jexneri LPSs
The structures of the two regions of the 0-specific side-chains-the primary unbranched variant Y *Key to sugar abbreviations used in this review : Glc = glucose; Gal =galactose; Rha = rhamnose; GlcNH, = glucosamine ; chains (of L-rhamnose and N-acetyl-D-glucosaGlcNAc = N-acetylglucosamine ; GalNAc = N-acetylgalactosa-mine) and the type-specific secondary side-chains mine ; GalA = galacturonic acid; KDO = 2-keto-3-deoxy-octon-(of a-r>-glucosyl and O-acetyl residues)-were eluate (3-deoxy-2-oxo-octonate) ; Hep = glyceromannoheptose ; cidated as follows. general structure of these polysaccharides, the most comprehensive results are those of Lindberg and his colleagues. Using methylation analysis of native and modified polysaccharides combined with nuclear magnetic resonance (nmr) spectroscopy, they showed (Lindberg et al., 1973 ; Kenne et al., 19773) that the variant Y structure had tetrasaccharide repeating units of:
(The rhamnose residues in this sequence have been designated RhaI, RhaII and RhaIII as indicated in the above formula to facilitate their identification in structural discussions). With similar methods, it was also shown that the same primary chain structure is present in the polysaccharides of serotypes la, lb, 2a, 2b, 3a, 3b, 3c, 4a and 4b (Kenne et al., 1978) and in 5a, 5b and variant X (Kenne et al., 1977a) . Further evidence for this structure comes from the laboratory synthesis of oligosaccharides by sequential Koenigs-Knorr reactions, including a tetrasaccharide derivative of
which seems to be indistinguishable from the S . jlexneri variant Y 0-specific side-chain sequence as judged by 13C-and 'H-nmr spectroscopy Josephson and Bundle, 1980) . More recently, this structural sequence has been confirmed by the isolation and characterisation of a series of oligosaccharides obtained from a S . jlexneri variant Y LPS by partial acid hydrolysis (Simmons, 198 1) . Structures of 0-specijc secondary side-chain determinants. The methods used to determine the structures of 0 antigens with a-D-glUCOSyl sidechains were essentially the same as those used for variant Y. The similarity of the 'H-and l3C-nmr spectra of the different polysaccharides further supported the view that they have closely related structures. The positions of the 0-acetyl groups were determined as described by de Belder and Norrman (1 968).
By these methods, the S. jlexneri 0-specific factors were shown to be related to a-D-glucosyl and 0-acetyl secondary side-chains substituted on the primary (variant Y) chain as follows : factor I, a-Dglucose (1 -+4)-linked to the N-acetylglucosamine residue; factor 11, a-D-glucose (1 +4)-linked to the RhaIII residue; factor IV, a-D-glucose (1 -+6)-linked to the N-acetylglucosamine residue ; factor V, a -~-glucose (1-+3)-linked to the RhaII residue and group factor 7,8, a-D-glucose (1 + 3)-linked to the RhaI residue. Variant-X specificity is determined by the possession of group factor 7,8 only, i.e., by a-D-glucose (1 -+3)-linked to the RhaI residue of the variant Y primary chain. Specific factor I11 and group factor 6 are both related to the immunodominant 0-acetyl group 2-0-substituted on the RhaIII residue because de-acetylation destroys both specificities (Romanowska et al., 1971) . The groupfactor-6 activity is related to the partial structure 2-0-acetyl-a-L-Rha and the factor I11 specificity to the complete sequence 2-O-acetyl-a-~-Rha-( 1 + 3)-P-D-G~cNAc. This conclusion is supported by the observation that substitution of the GlcNAc residue with a-D-glucose (as in serotypes l b and 4b) masks the factor-I11 specificity whereas the factor-6 activity continues to be expressed. The precise determinant for group-factor 3,4 has not yet been completely elucidated but it is related to 0-acetyl groups substituted on the primary (variant Y) chain. The structures assigned to the repeating units of the different S . JEexneri 0-specific sidechains are summarised in fig. 3 . Analysis of S. JEexneri 0-spec@ and group serodeterminants. Evidence for the molecular groupings that determine the 0-specific and group factors has come from combined chemical and serological studies in which structurally-defined oligosaccharides obtained by acid hydrolysis of the S.JEexneri 0-specific polysaccharides (Simmons, 1969) were used to inhibit the homologous complement fixation systems (Simmons, 1971b) . The factor-I system was inhibited by a-~-Glc-( 1 +4)-GlcNAc ; the factor-I1 system by ~t-~-Glc-( 1 -+4)-Rha; the factor-IV system by a-~-Glc-( 1 +6)-GlcNAc and the factor-V system by a-~-Glc-( 1 + 3)-Rha. However, the saccharides inhibiting the factor-7,8 and -111 systems are now known to be a-~-Glc-( 1 + 3)-Rha and 2-0-acetylRha respectively and not a-~-Glc-( 1 -+ 2)-Rha and 2-0-acetyl-Glc as previously reported (Simmons, 1971b) . As noted above, the complete factor-I11 determinant is a 2-O-acetyl-a-~-Rha-( 1 -+ 3)P-DGlcNAc sequence but this specificity is lost (masked) when the GlcNAc residue is substituted with a-D-glucose. These findings not only confirm the chemical structures assigned to the different antigenic factors but provide serological evidence that the proposed sequences are indeed the serodeterminants of the 0-specific side-chains. The structures assigned to these sero-determinants are summarised in the table.
Structure of S.JEexneri serotype-6 LPSs S.JEexneri of serotype 6 has always been regarded as atypical by many bacteriologists for several reasons but has retained its place within this genus because of its biochemical and antigenic relationships with other S.JEexneri serotypes and, above all, because of its clinical association with acute bacillary dysentery. The more important members of this group include the Boyd 88, Manchester and Newcastle biotypes. As with all other members of the family Enterobacteriaceae, their LPSs have a basal region to which the 0-specific side-chains are attached.
The basal structure of serotype 6 LPSs. Two detailed studies of the serotype-6 basal region have been performed. In the first, Katzenellenbogen and Romanowska (1 980) used methylation analysis, periodate oxidation, Smith degradation and enzymic modification of core oligosaccharides to elucidate the complete basal region of a Manchester biotype (and its rough mutants) and found the following structure : 
All the glycosidic linkages in this structure are of the a-type except for the side-chain glucose which is P-linked (Gamian and Romanowska, 1982) . All the hexoses are of the D-configuration.
In the second of these studies (Simmons, 1983b) , structural analysis of a series of oligosaccharides obtained by partial acid hydrolysis and methylation analysis of the native polysaccharide confirmed that the pentasaccharide hexose region of the basal structure of another Manchester strain was the same as that above. This structure is of particular interest because it is identical with the E. coZi R1 core which is also found in S . sonnei phase I1 (Gamian and Romanowska, 1982) and in E. coZi C (Jansson et al., 198 1) strains. 
1 : JIexneri serotypes. Throughout this report, the antigenic formulae for the different serotypes follow the classification of Ewing and Carpenter (1966) in which type-specific factors are designated by roman capitals and group factors by arabic numerals. The 0-speciJic side-chains of serotype-6 LPSs. The only detailed study of the 0-specific side-chain of a serotype-6 (biotype Manchester) LPS by modern methods is that of Katzenellenbogen et al. (1976) who proposed the following trisaccharide repeating unit :
Some of these repeating units have a further /I-Lrhamnosyl residue substituted on the 4-0-position of the above 'non-reducing end-group' rhamnose and about 64% of the repeating units carry an 0-acetyl radical substituted on one or other of the rhamnose residues. The 0-acetyl and N-acetyl groups seemed to play a role in, but were not essential to, factor-VI specificity which was attributed mainly to the sequence /I-L-Rha-( 1 + 3)-GalNAc. Using similar methods (including nmr spectroscopy and methylation analysis), Dmitriev et al. (1979) found that the repeating unit of a serotype-6 (Newcastle) 0-specific polysaccharide had the following tetrasaccharide structure.
From a comparison of this structure with that of S . Jexneri variant Y , the cross-reactivity of serotype 6 with other S . jlexneri serotypes was assumed to be due to the common 2-0-substituted a-L-rhamnosyl residue, but this was not tested experimentally in any serological system. Although S . Jlexneri serotype-6 strains share many features (including DNA-relatedness) with other S . jlexneri serotypes (Brenner, 1976) , the above studies show that their 0-specific LPSs are structurally different. These differences are quite marked, there being no known instance in which either the basal structure or 0-specific side-chain of a serotype-6 LPS has been demonstrated in any other S.flexneri serotype. Furthermore, if the above structures are confirmed, they would imply marked differences between the 0-specific side-chains of the various serotype-6 (Manchester and Newcastle) biotypes.
Enzyme defects associated with smooth to rough mutation in S. jlexneri
As indicated above, the enzyme defects responsible for smooth-to-rough (S+ R) mutation are of two main types. In the first, the defect blocks the completion of the basal region so that the 0-specific side-chains (which continue to be synthesised) cannot be attached to the growing molecule because of lack of the appropriate receptor. In these circumstances, the intact 0-specific side-chains are found free in the ultracentrifuge supernates of the extracted rough LPSs. In contrast, the second type of defect involves a block in a synthetase or transferase for the 0-specific side-chains, which are, consequently, not synthesised and, therefore, not detectable in the ultracentrifuge supernates of these rough mutants.
In an analysis of the supernatant fluids of a series of S . Jlexneri R-LPS preparations (Johnston et al., 1968) , those of rough serotypes la-R, 2a-R, 3a-R, 4a-R,, 4a-R2, 5-R and variant X-R contained free side-chains bound together as in the 0-specific structures, because they precipitated with the homologous smooth S . Jlexneri antiserum. These findings, together with the observation that these rough mutants lacked one or more of the basal sugars, indicate a lesion in one of the basal synthetases or transferases of these mutants. By contrast, the absence of 0-specific side-chains in the supernates of R-LPSs of serotypes lb-R, 4b-R, 6-R and variant Y-R indicated the loss of a sidechain synthetase or transferase in this group of mutants. However, the lb-R and variant Y-R mutants were exceptional in that they also had deficient basal structures and were, therefore, presumed to have a defect in a single enzyme required for the synthesis of both regions of the molecule. However, the results did not exclude the possibility that these mutants had a double enzyme defect.
The probable nature of the enzyme defects in the different R-mutants was defined somewhat more precisely by Johnston et al.
(1 968) on the assumption that the biosynthetic pathways for the incorporation of exogenous glucose and galactose into bacterial LPSs shown in fig. 4 (Osborn et al., 1964 ) also hold true for S.flexneri. They concluded as follows:
Rd mutants. These mutants elaborated a LPS identical with the heptose phosphate-KDO-lipid A 'backbone' but were unable to incorporate the first glucose residue into the basal structure side-chain. This failure may be due to their inability to synthesise uridine diphosphate (UDP)-glucose or to their inability to transfer glucose from this sugar nucleotide to heptose phosphate. With S . JEexneri serotype 3a-R, the former possibility was excluded by the demonstration of glucose in the 0-specific material in the ultracentrifuge supernate so this mutant probably lacks the UDP-glucose transferase analogous to the UDP-glucose transferase I of salmonellae (Osborn et al., 1964) . With S. Jlexneri serotype 1 b-R, the absence of both 0-specific sidechain and basal glucose indicates that this mutant is unable to synthesise UDP-glucose. Fig. 4 shows that such a failure could result from a defect in glucokinase, phosphoglucomutase or UDP-glucose pyrophosphorylase but, as this mutant synthesised non-specific polyglucosan in which the first two enzymes are necessary for transglucosylation (Sigal et al., 1964) , the defective enzyme is believed to be UDP-glucose pyrophosp horylase.
Rc mutants. The Rc LPSs of serotypes la-R, 2a-R, 4a-R,, 5-R and variant X-R resembled those of salmonellae in that all contained heptose phosphate and glucose but these mutants were unable to incorporate galactose into the growing side-chain of the basal structure when grown in the presence of exogenous glucose. This defect in galactose incorporation was by-passed in mass-cultures in the presence of exogenous galactose because the mutan ts then synthesised complete smooth 0-specific LPS. Because Rc mutants contain glucose in their LPS, they must possess all the enzymes necessary to synthesise UDP-glucose ( fig. 4) . Their failure to produce smooth LPS could be due to a defect in UDP-galactose-4-epimerase or UDP-galactose transferase. However, the production of smooth LPS from exogenous galactose rules out the possibility of a defect in the latter enzyme, so these Rc mutants are probably deficient in UDP-galactose-4-epimerase.
Rb mutants. Two mutants of this type (serotype 4b-R2 and variant Y-R) contained heptose phosphate, glucose and galactose in their polysaccharides and N-acetyl-glucosamine in their lipid-A component. Because they were, therefore, able to synthesise all the basal sugars, they were presumed to be unable to incorporate the N-acetylglucosamine residue that completes the basal structure for lack of the appropriate UDP-N-acetyl-glucosamine transferase.
Ra mutants. Mutants of this type complete the basal structure but lack 0-specific side-chains which contain glucose, N-acetylglucosamine and rhamnose. Because these mutants were able to synthesise both glucose and N-acetylglucosamine for their basal structure, they are presumed to lack a rhamnose synthetase or an 0-specific side-chain trans ferase.
Semi-rough (SR) mutant. From quantitative structural and serological analysis, the LPS of S. JZexneri serotype 4a-R, mutant was shown to be a semi-rough polymer consisting of the basal structure and the first repeating unit of the 0-specific sidechain. Such polymers are an intermediate stage in the biosynthesis of the smooth LPS. Mutants of this type, which were first described by Naide et al. (1965) , were assumed to possess transferase I which transfers the first repeating unit of the 0-specific side-chain to the basal structure but not the transferase I1 system which transfers the second repeating unit to the first. The S.$exneri SR mutant is presumed to be defective in the analogous transferase 11.
The finding that the above R-antigens have overlapping structures and that identical R-LPSs can be isolated from R-mutants isolated from different smooth serotypes (Johnston et al., 1967) , is strong evidence that the proposed basal structure is common to all smooth S.jlexneri serotypes (with the notable exception of S.Jexneri serotype 6).
Comparison of the basal LPS structures of S.Jexneri and other Enterobacteriaceae
There is much evidence to support the view that the basal structures of the LPS of most Enterobacteriaceae consist of the five basal sugars, 2-keto-3-deoxy-octonate, heptose phosphate, glucose, galactose and N-acetylglucosamine. However, some E. coli serotypes, including 0 17,O 44,O 59 and 0 77 have no galactose (Kauffmann et al., 1960; Jann, 1965) ; the E. coli basal structures of types R1 and R4 have no N-acetylglucosamine (Jansson et al., 1981) , and S. dysenteriae (shiga) has little or no glucose (Davies et al., 1955; Davies, 1957; Simmons, 1957) . Thus the basal regions of most Enterobacteriaceae LPSs are qualitatively similar but clearly not identical. Structural studies confirm this view and indicate that the vast majority of the basal region side-chains that have been character-
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ised to date belong to one of the six types summarised in fig. 5 (Jann and Jann, 1984) . From this figure it will be apparent that the common S . Jexneri basal region is identical with that of E. coli R3 (Simmons, 1983a) and that the exceptional S . Jexneri serotype 6 structure is identical with that of E. coli R1 (Simmons, 1983b) . Of the other Shigella types, the LPS of S . sonnei phase I1 also belongs to E. coli type R1 (Gamian and Romanowska, 1982) but that of S . dysenteriae (shiga) appears to differ from all previously characterised basal regions in being glucose deficient.
A further point of comparative interest lies in the internal structures of salmonellae and S.jlexneri, which are identical in the regions corresponding to the Rc antigen. The possession of this common structure was confirmed by the observation that the Rc LPSs of S.Jexneri and some Salmonella spp. ( S . typhimurium tmM and S . minnesota mR5 which are also known to have an a-~-Gal-( 1 -+ 3)-a-~-Glc determinant) are serologically indistinguishable throughout the regions of antibody excess, equivalence and antigen excess in quantitative precipitintype-curves obtained in homologous and heterologous complement fixation systems (Simmons, 1971a) . These results imply that the internal basal regions of salmonella and S . jlexneri LPSs must be very similar, if not identical, and that the S.Jlexneri structures (like their salmonella analogues) are probably also polymerised through the core lipid A and not (as formerly believed) through the heptose phosphate residues (Liideritz et al., 1966) .
Biosy n t hesis of S . Jlexneri 0-an tigens The biosynthesis of S . Jlexneri 0-antigens occurs in four distinct stages. In the first stage, the basal structure is synthesised from the KDO-lipid A 'backbone' of chemotype Re by the sequential addition of aldoheptose phosphate, glucose, galactose and N-acetylglucosamine in that order to give chemotypes Rd, Rc, Rb and Ra respectively (Johnston et al., 1967) . This sequence (Re+ Rd+ Rc+ Rb -+ Ra), therefore, represents the structural relationship and biosynthetic pathway for all rough antigens up to, and including, the complete basal structure of chemotype Ra. The synthesis is effected by the specific synthetase and transferase systems identified in the preceding sections under the direction of rfa genes, most of which map near the mtl locus on the bacterial chromosome. This pattern of biosynthesis by the sequential addition of single sugars is by no means exceptional; it is found in all Enterobacteriaceae basal structures that have been studied to date (Jann and Jann, 1984) .
In the second stage of 0-antigen production, the synthesis of the S . Jlexneri primary (unbranched) side-chain is of the rfe-independent type. In this process, the individual repeating units are assembled under the direction of rfb genes and transferred to an antigen-carrier-lipid (ACL). Polymerisation of these activated sugar repeating units is then effected by a specific polymerase in a 'zip-fastenerlike' process under the direction of the rfc gene. This rfe-independent pattern of biosynthesis, which can be inhibited by bacitracin, is characterised by the formation of solvent-extractable, multiple repeating units during in-vitro synthesis and by the formation of semi-rough (SR) mutants such as S. Jlexneri serotype 4a-R,. In contrast, the rfe-dependent biosynthetic system is not inhibited by bacitracin, does not produce solvent-extractable, multiple repeating units during in-vitro synthesis and does not give rise to SR mutants. The S. Jlexneri 0-specific primary side-chains that are synthesised by this rfe-independent system are structurally and serologically identical with the variant Y antigen. The third stage of biosynthesis is that of postpolymerisation modification of the primary side-chain. With S.Jexneri, as with some salmonellae (Jann and Jann, 1984) , this involves transglucosylation and trans-0-acetylation of the primary chain. This modification which is induced by regulating temperate bacteriophages, is described in more detail below.
The fourth and final stage of antigen synthesis involves the attachment of the completed 0-specific side-chain to the basal structure. This process of translocation is carried out by the enzyme translocase under the direction of the two genes rfaL and rfbTwhich specifically recognise the basal structure and 0-specific side-chain respectively (Jann and Jann, 1984) . A schematic representation of the biosynthesis of the S . Jlexneri smooth and rough antigens is given in fig. 6 . It shows the probable nature of the sugars and enzymes that are involved in the biosynthetic blocks that give rise to the different serotypes and mutants.
Taxonomic aspects of S.JEexneri 0-antigens
Past difficulties with the serology and taxonomy of S.jlexneri have been attributed to poor reproducibility of results and to considerable uncertainty as to the interpretation of the data. In particular, the taxonomic relationship of certain serotypes and the status of X and Y variants have been the subject of much debate that has led to the introduction of many different classifications based on one or other of two concepts.
In the first of these (Andrewes and Inman, 1919) , it was suggested that the serological behaviour of S . JEexneri was explained by postulating four main races designated V, W, X and 2. Each serotype was a mixture of these four factors with one in quantitative predominance. The Y race was a more even mixture of the four factors, but the inability of suspensions of the four races to absorb Y antiserum led the authors to conclude that they had "failed to solve the problem of the antigenic structure of the Y races". The second concept was introduced by Boyd (1938) who proposed six main serotypes, each with a type-specific antigen that never occurred in other serotypes and a group antigen that was shared. X and Y strains were regarded as variants, Y being a degraded form of many types and X a degraded form of Z (serotype 3a). Boyd also believed that A+B variation represented the loss of type specific antigen with the production of a pure group variant which had been isolated on three occasions-strains 103B, 119B and the original variant Y of Hiss and Russell (1903) . This concept of antigenic structure has been the basis of all subsequent classifications including those of the Shigella Commission Reports (1951, 1958) and that of Ewing and Carpenter (1966) .
In our view, the structural studies reviewed above are of interest and relevance to these concepts in the following respects. First, they show that the antigenic structure of S . jlexneri serotype is neither a mixture of type-specific antigens nor a mixture of one type-specific with group antigens, but is a single molecular entity carrying different antigenic determinants. This view is confirmed by the isolation of small glucose-containing oligosaccharides of undoubted purity that carry both type and group specificity. Second, Boyd's view that each serotype contains one type-specific and one or more group factors is confirmed by our structural results in that type-specificity is determined by the unique linkage of the terminal a-glucosyl secondary side-chain and group specificity by the presence of an identical structural sequence in the primary chain of all serotypes. Third, the suggestion that group antigen was present in most serotypes has been substantiated by our observation that the structures of Boyd's original 103B strain and Y-specific S . JEexneri x E. coli hybrid LPSs from all serotypes (Manson et al., 1970) are identical with that of classical variant Y strains. However, the LPS from the original variant Y of Hiss and Russell (1903) which many observers thought closer to W (serotype 2a), has proved to be structurally and serologically identical with serotype-2a LPS (Simmons, 1971~) . Fourth, the view that variant X is a degraded form is consistent with the observation that it is a de-acetylated serotype 3a. Fifth, the structural analysis of the S.JEexneri LPSs is relevant to the debate that has surrounded the serological status and biological significance of X and Y variants. The variant Y LPS (an intermediate stage in the normal biosynthesis of the complete smooth antigen) is elaborated as the end-product when there is a loss or repression of the gene controlling the UDP-glucose transferase necessary to incorporate the type specific, a-glucosyl secondary side-chains. The fact that it is incomplete, agrees with the taxonomist's view that it is a degraded type-specific antigen. The nature of the X variant is still somewhat equivocal. Its determinant belongs to the same a-glucosyl family as those of the type-specific serotypes and the gene directing its UDP-glucose transferase maps genetically with the type specific or T-locus near the lac region, On the other hand, it may also be regarded as a degraded form in the sense that it is an intermediate stage in the biosynthesis of serotypes 3a and 5b from the precursor Y structure. These findings offer an explanation for the difficulties that have arisen in the past in interpreting the status of X variants. Sixth, the observation that S.jexneri 0 antigens all consist of a variant Y structure substituted with an immunodominant a-glucosyl or 0-acetylated residue, explains to some extent the poor reproducibility of results obtained by early workers. With such closely related, cross-reacting polymers, the antigenic differences between the various s. jlexneri serotypes are much less distinct than in most other genera and their serotyping that much more difficult.
One of the objectives of these studies was the elucidation of the molecular basis of serological specificity and cross-reactivity to improve our understanding of taxonomic problems. This aim has been achieved in so far as the general structure of the S . JEexneri 0-antigens has been established, the precise structural sequence of specific and group antigens elucidated, the relationship of serotype 3a and variant X determined and the nature and significance of X and Y antigens clarified.
Genetic aspects of S.JEexneri 0-antigens
In an earlier review, Simmons (1971a) proposed that the S.JEexneri 0 antigens were a closely related family of polymers with primary side-chains of pattern Y, or Y2, to which the a-glucosyl secondary side-chains that determine serological specificity were attached. However, further structural studies (Lindberg et al., 1973) and the isolation of one type of variant Y from all serotypes, prove rather conclusively that there is but one Y-type structure which is common to all S.JEexneri. As these findings seem to be well-established, it should be possible to recover Y-type variants from all S. JEexneri strains when the genes controlling the UDP-glucose transferases are lost or defective. Naturally occurring examples of this kind of mutation may be found in the early literature (Hiss, 1904) , but detailed studies of the phenomenon have been described on three occasions only. In the first of these, Kruse et al. (1907) found that the Wilz B strain derived from Wilz A (serotype la) was serologically indistinguishable from Strong B (a classical variant Y). In the second detailed study of A+B variation, Boyd (193 1) noted that S . JEexneri type 103A frequently mutated to a stable form, 103B, which he believed to be closely related to, but not quite identical with, variant Y. Our studies have shown it to be structurally identical with variant Y. In the third study of A+B mutation, Ewing (1954) isolated a classical Y variant from a serotype 2a strain. All these observations show that Y-type variants arise in nature as a consequence of A+B variation and that the B form and variant Y are structurally and serologically identical.
More recently, Y-type variants have been produced experimentally in the laboratory by conjugating S.JEexneri serotypes with E. coli Hfr strains. The first experiments of this type were performed by Luria and Burrous (1957) who isolated recombinants of this class from serotypes 2a, 2b and 4a and showed that the genes controlling type specificity mapped near the lac locus. Even more recently, it has been shown (Timakov et al., 1970 ) that Y-type hybrids can be obtained from all S.JEexneri serotypes by use of E. coli HfrC as the donor strain and that the type specific or T-loci for antigens I, 11, IV, V and 7,8 (but not 111, VI or 6) also map near the lac locus. These findings not only imply a common Ytype structure in all S.JEexneri strains but show that the T-locus controls precisely those determinants in which glucose is the immunodominant sugar whereas in antigens I11 and 6, whichmap elsewhere, the immunodominant structures are related to 0-ace tyl-rhamnose residues. These structural and genetic findings, taken together with the observation that the loss of type specificity is accompanied by the synthesis of a glucose-deficient Y-type structure, imply that the T-locus is a gene or cluster of genes controlling the synthesis of the specific UDP-glucose transferases required to complete the biosynthesis of the various S . JEexneri LPSs from the precursor Y-structure.
Even more recently, changes in S . JEexneri 0-specificity have been shown to depend on phage or lysogenic conversion. Matsui (1 958) converted antigens I and I11 of serotypes l a and 3a, respectively, to antigen IV with a phage from serotype 4c. Using the appropriate phages, other workers converted the analogous antigens of la, lb, 2a, 3b and variant Y to IV (Iseki and Hamano, 1959) and those of 2a, 2b, 4a, variant X and variant Y to I (Okada et al., 1960) . A variant Y strain was doubly converted to variant X and then serotype 2b by Giammanco (1968) with the two appropriate phages f-7,8 and f-I1 sequentially. From the molecular structures shown in fig. 3 , it will be apparent that these phage conversions produce very simple differences in the linkage of the glucose secondary side-chains. Indeed, they could all be accomplished by a single enzyme change. Until recently, the precise role of these type-specific phages had been poorly understood, there being some doubt as to whether the phages themselves carry in the regulating genes or simply act as derepressors allowing the expression of pre-existing genes in the bacterial chromosome. However, the studies of Petrovskaya et al. (1972) have shown that stable hybrids of E. coli K 12 carrying the S.JEexneri variant Y character his' 3,4' gene, were converted to serotypes 5 and variant X by the appropriate V and 7,8 phages. This result provides good evidence that the regulating genes are carried in by the phage because it is most improbable that the E. coli K12 genome codes for specific S . JEexneri antigens. Moreover, there is also good genetic evidence (Petrovskaya and Nevskaya, 1975 ) that the 7,8 prophage, which also attaches near the lac locus, does so by a different method from the other typespecific phages. These findings not only provide evidence for the role of prophages in determining type specificity but also offer an explanation for the results obtained in the hybridisation experiments described above. In recombination with E. coli K12, the replacement of the lac region deletes the adjacent phage attachment site so that the phage genes controlling the type specific UDP-glucose transferases cannot be incorporated into the bacterial genome. The biosynthesis of the 0 antigen is, therefore, halted at the group-specific variant Y stage. The locations of the various genes controlling 0-antigen biosynthesis have been provisionally mapped on the S . Jlexneri chromosome by Petrovskaya and Licheva (1982) as shown in fig. 7 .
The results of these lysogenic and conjugation studies seem to be of particular interest and importance in that they have elucidated some aspects of the mechanisms involved in the genetic control of S . JEexneri 0-antigen synthesis which may now be summarised as follows. The biosynthesis of these molecules commences with the KDO-lipid A "backbone" of chemotype Re and proceeds to the complete basal structure of chemotype Ra under the control of rfa genes as described above. The repeating units of the variant Y primary side-chain are assembled separately on the antigencarrier lipid (ACL) under the direction of rJb genes and polymerised under the direction of the rfc gene. loci Post-polymerisation modification by specific 0-glucosylation or 0-acetylation of the primary chain then proceeds under the control of the specific phage genes. The synthesis of the whole antigen is finally completed by attachment of the 0-specific side-chains to the basal structure by translocase under the control of the genes rfaL and rfbT.
Conclusion
In this review, an attempt has been made to correlate the structure and biology of S . flexneri 0-antigens. These studies are of intrinsic value in that they have solved the molecular basis of serological specificity and cross-reactivity, elucidated the biochemical and enzymic basis of smooth to rough
